INTRODUCTION
The theory of massive star formation is by no means complete, even in general terms (see e.g. [1] ). Massive ( > ∼ 8 M ⊙ ) stars are born in clusters, which are located at larger distances than regions of low-mass star formation, and evolve much faster than low-mass stars. Massive stars at early stages of their evolution actively interact with their parent dense cores, increasing their turbulence and temperatures, accelerating shocks and massive outflows, and leading to fragmentation, further compression and, under certain conditions, to a new phase of star formation. The gas-phase molecular composition in massive starforming regions is fairly rich due to the evaporation of molecules from grain surfaces, and the observed line profiles are significantly broadened as a result of turbulent and systematic motions. Individual compact regions may give rise to maser emission (e.g., in the water vapor, hydroxyl, or methanol lines). As a result of inhomogeneities and systematic motions in the cores, optically thick lines often exhibit non-Gaussian profiles. Detailed analyses of these profiles may enable estimation of the parameters of the core structures and velocity fields.
Among molecular lines, which trace dense gas, the HCN(1-0) line is one of the most sensitive to the core structure and kinematics. Observations of this line performed in recent years with the 22-m radio telescope of the Crimean Astrophysical Observatory (CrAO) toward ∼ 150 methanol masers showed that the HCN(1-0) lines often have fairly complex profiles.
Analysis of the HCN(1-0) spectra is hindered by the fact that, even when the profiles of hyperfine components are close to Gaussian, the ratios of their intensities deviate from those expected for local thermodynamical equilibrium (LTE) (see, e.g. [2] [3] [4] ). Interpretation of the spectra requires modeling of the HCN excitation taking into account deviations from LTE and overlapping of closely spaced hyperfine components, which requires many independent input parameters.
The goal of this study is to determine the physical parameters of five selected massive star formation regions associated with methanol masers in order to use them for subsequent modeling. Data obtained with the CrAO 22-m radio telescope showed that our objects demonstrate complex HCN(1-0) profiles, and one more a nearly Gaussian profile. The presence of dips and asymmetric peaks in the HCN(1-0) profiles toward four objects suggests inhomogeneous structure and complex kinematics. This paper presents physical parameters such as kinetic temperatures, sizes, virial masses, and velocity dispersions and their radial profiles of these objects measured using multi-frequency spectral observations in various molecular lines. The parameters of the contracting gas are presented for two objects. The results of modeling of the line profiles will be given in subsequent publications.
SOURCES
We selected five regions associated with methanol masers as our targets; according to CrAO 22-m results, four of these exhibit complex HCN(1-0) profiles, while the fifth region demonstrates a nearly Gaussian profile. The source list is presented in Table 1 . Source names and coordinates were taken from the catalog of methanol masers [5] . The coordinates for 37.427+1.518 were taken from [6] . Table 1 also presents the source distances and associations with other objects. We adopted the distances for all sources except for 99.982+4.17 to be those determined using parallax measurements of the maser sources, which are the most reliable. For three objects (34.403+0.233, 37.427+1.518, and 77.462+1.759), these distances are appreciably different from previously measured kinematic distances. The selected objects are well-known regions of massive star formation. In addition to methanol and water vapor masers, they also host IRAS point sources, near-IR and mid-IR sources, submillimeter and radio sources, and molecular outflows. A review of available observational data on four regions (excluding 121.28+0.65) is presented in Appendices A23, A24, A37, and A45 of [7] . Reviews of observations of 121.28+0.65 can be found, e.g., in [8, 9] . The bolometric luminosities of the IRAS sources, calculated by integrating over "greybody" curves fitted to the flux-frequency dependences [10] and taking into account the distances from Table 1 , fall in the range 3 · 10 2 − 7 · 10 3 L ⊙ . The luminosity of IRAS 21391+5802, which is associated with 99.982+4.17, is approximately an order of magnitude lower than those of the other sources.
OBSERVATIONS
The observations were carried out in April-May 2015 with the 20-m radio telescope of the Onsala Space Observatory (Sweden). We used a new 3-mm dual-polarization receiver with
an SiS mixer at the input, which has a noise temperature of ∼ 50 − 60 K at 85-116 GHz [15] .
The system temperature during most of the observations varied in the range: ∼ 150 −250 K, depending on the frequency and source elevation. A new Fourier spectrum analyser (FFTS) with a 2.5-GHz bandwidth and a 76-kHz frequency resolution (32 768 channels) was used for the spectral analysis. These broadband observations made it possible to record several molecular lines simultaneously. The central frequencies of the observed bands were 86.6 and 88.9 GHz. To study line profiles in more detail, we observed some source positions using a
Fourier spectrum analyser with a 625-MHz bandwidth and a 19-kHz frequency resolution.
The signals from two polarizations were added during the reduction, increasing the sensitivity A list of detected molecular lines, including transitions, frequencies, and upper level energies (in temperature units), is presented in Table 2 .
RESULTS OF OBSERVATIONS
All the observed sources were mapped in the lines c- 
Source maps
Maps of the integrated intensities of specified molecular lines are presented in Figs. 2-5.
Only the central part of 37.427+1.518 was mapped. The maps show the IRAS and maser positions, as well as the positions of infrared, submillimeter, and radio sources.
In most cases, the maps in different molecular lines display spatially correlated compact regions of enhanced intensity, which are obviously related to regions of enhanced density (dense cores). IRAS sources, as well as maser and other sources, are usually concentrated near the centers of the cores, testifying that the process of star formation has started there.
The NH 2 D emission is less well correlated with the emission of other molecules.
In four objects, the core shapes are nearly spherically symmetric. The maps of molecular emission in 34.403+0.233 (the dark infrared cloud G034.43+00.24) are elongated in the north-south direction. Some differences between the images of this source in different molecular lines may be related to the fact that the cloud contains two compact clumps with different molecular composition [16] , which are unresolved in our observations. The core in 99.982+4.17 is located in the southern part of the studied region. We observed a fairly extended and probably less dense region to the north of the core.
To estimate the sizes of the regions, we fitted the maps of the integrated intensities using convolutions of two-dimensional elliptical Gaussians with circular Gaussians having extents equal to the antenna main beamwidth [17] . In this fitting procedure, we used the Marquardt-Levenberg iteration algorithm (the "neighborhood of maximum" method; see, e.g. [18, 19] ), which yields the parameters and their errors. The core sizes were determined as the geometrical mean of the extents of the best-fit two-dimensional elliptical Gaussians.
The offsets of the core centers, axial ratios of the best-fit ellipses, and full widths at half power of the regions emitting in the different molecular lines with their errors are presented in the corresponding table in Section 5.3.
Line parameters
The spectral data were reduced using both standard methods using the GILDAS package 2 and our own original codes. After subtracting baselines (polynomials of an order not higher than three) from spectral regions with lines, we fitted the observed lines using one or more Gaussians, in order to determine line intensities, radial velocities of the line centers, and line widths. The parameters of the observed molecular lines toward emission peaks are presented in is the number of channels occupied by the line, and δV ch is the velocity resolution (channel width).
PHYSICAL PARAMETERS OF THE CORES
This section presents calculated physical parameters of the cores. (see, e.g. [20] ). The slope of the best-fit line describing the dependences of the integrated intensities of lines with different K values on the level energies can be used to determine the rotation temperature, which is usually adopted as an estimate of the kinetic temperature.
We used this method to calculate kinetic temperatures toward positions where two or more CH 3 C 2 H lines were reliably detected. As the integrated intensities of lines with different K values, we adopted the product of T MB and ∆V , which were determined from the fitting of the CH 3 C 2 H(5-4) spectra. The uncertainties in the kinetic temperatures were calculated from the uncertainties of the fits, using standard error propagation. The temperatures determined toward selected positions in the sources are presented in Table 4 . The region 121.28+0.65
demonstrates a tendency for the kinetic temperature to decrease from the center to the edge. We could not find a spatial gradient of the temperature in any other source given the temperature uncertainties. The calculated temperatures lie in the range: ∼ 20 − 40 K. The temperatures in the 34.403+0.233 core are higher than those in other cores. We were not able to derive significant estimate of kinetic temperature (above 3σ) for 37.427+1.518. The kinetic temperature in this core calculated using the ammonia lines [14] is 29 K which falls in the range of temperatures obtained for the other objects.
Molecular column densities
Integrated intensities of optically thin lines can be used to find molecular column densities in the LTE approximation. In general, molecular column density can be found in this approximation using the relation (see [21] , eq. (79)):
where k is the Boltzmann constant, ν is the transition frequency, µ is the dipole moment,
is the line strength, J and K are the quantum numbers, Q rot is the partition function over all states, g J , g K , g I are degeneracies, E u is the energy of the upper state of the transition, T EX is the excitation temperature, which is the same for all levels (LTE), T BG =2.73 K is the cosmic background temperature,
the Planck constant, T R dv is the integral over the line profile, R i is the relative intensity of the hyperfine component, f is the main beam filling factor.
We used this formula to calculate molecular column densities toward the intensity peaks.
The filling factors f were always taken to be unity, leading to underestimation of the column density when the source size is smaller than the main-beam size. The relative intensities R i were taken to be unity in all cases except for C 2 H and HCO; we calculated the column densi-ties of each of these molecules from the integrated intensity of one hyperfine component. We calculated N(C 2 H) using the integated intensities of the
which is probably optically thin and for which R i = 0.17/4 [22] . We calculated N(HCO) using the F = 2 − 1 (J=3/2-1/2) component, whose relative intensity R i was taken to be 1.67/4. The excitation temperatures were taken to be 10 K for all lines except CH 3 C 2 H(5-4), for which we adopted the kinetic temperature estimates (see Section 5.1) as the excitation temperatures. For T EX =10 K, the calculated N MOL values are close to the minimum ones.
The NH 2 D column densities were calculated from line optical depths and widths using the method of [23] . The optical depths of the NH 2 D hyperfine component
were determined taking into account the relative intensities of the hyperfine components of this transition [24] , and for our sources proved to be ∼ 0.5 − 2. The calculated molecular column densities are presented in Table 5 . However, these values may be underestimated by a factor of a few if the excitation temperatures differ from 10 K.
The ranges of molecular column densities observed in either all of the objects or in four of them (excluding 37.427+1.518) are as follows:
We estimated the molecular abundances X = N MOL /N(H 2 ) using molecular hydrogen column densities taken from the literature. [31] , may be overestimated, since the authors used a gas-to-dust mass ratio that was a factor of 1.5 higher than the standard value, and possibly a slightly underestimated absorption coefficient for this wavelength. Using the column density of formaldehyde for this source (IC 1396 E1) [32] , the hydrogen column density was estimated in [33] to be
The calculated molecular abundances are also presented in Table 5 . They fall in the ranges:
. The highest abundances were found for 34.403+0.233, and the lowest for 99.982+4.17. Table 6 presents the coordinate offsets of the centers of the regions emitting in various lines, the ratios of the axes of approximating ellipses (elongation factors), and the angular and linear sizes of the emitting regions determined from the map fitting (see Section 4.1).
Sizes, velocity dispersions, and virial masses of the cores
Apart from 34.403+0.233, the cores are close to spherically symmetric (the elongation factors of the regions emitting in the most of the lines are not larger than two). In these objects, the regions emitting in various lines that are probably optically thin have linear sizes ∼ 0.1 − 0.6 pc. The smallest emitting regions were found in 99.982+4.17 (∼ 0.1 − 0.2 pc).
Column 7 of Table 6 gives the line widths averaged over the regions within the half- The virial masses presented in column 8 of Table 6 devised to take into account non-thermal gas motions in dense cores; it is a parameter in the equation of state, and is applied in computations of stability and evolution of dense envelopes around young stars (see e.g. [35] ).
To estimate the spatial variations of the velocity dispersions, we calculated dependences of the averaged line widths on the impact parameters [17, 36] . We used line widths exceeding One plausible explanation of the obtained trends is an increase in the dynamic activity in the core centers near IRAS sources, including differential rotation, turbulence, and systematic motions, such as inflows and outflows from young stellar objects. [39, 40] , where r in is the radius of the collapsing region, m is the mean molecular mass (2.33 amu), and n 0 is the density of the surrounding gas. Taking the mean core radii r in = 0. 15 [40, 41] ). In the cores studied here, the line broadening due to collapse is ∼ 0.3 km s −1 , which is less than the observed difference between the line widths toward the centers and the peripheries of the cores (Fig. 6) , and thus cannot be the only reason for the observed ∆V (b) trends.
Systematic motions in the cores

DISCUSSION
The observations show the rich molecular compositions of the observed regions (see Table   5 ), typical for "hot cores" that are associated with massive star formation regions or regions of cluster star formation. The 37.427+1.518 core has a slightly poorer composition (in particular, the HC 15 N and NH 2 D lines detected in other objects were not found in this core).
The kinetic temperatures derived by us are, in general, close to the temperatures obtained in other studies [14, 25, [42] [43] [44] , given the uncertainties in our estimates. Note that the kinetic temperatures determined from the ammonia observations are slightly below our A comparison of the virial masses from Table 6 with masses estimated in other studies shows both agreements and differences. Our virial masses for 121.28+0.65 are close to estimates based on observations of ammonia [45] and HCN(3-2) [46] . Similar estimates obtained using optically thick lines, CS(2-1) and HCN(1-0) [25, 46] , are a factor of ∼ 2 − 3 higher. Our mass for 99.982+4.17 agrees with the mass determined in [31] , although the latter may be overestimated (see Section 5.2). Our virial mass for 37.427+1.518 is appreciably lower than the mass derived from the dust observations [29] scaled to the distance presented in Table 1 . Our virial mass estimates for 77.462+1.759 are close to the estimates of [46] . The differences between the masses obtained using different molecular lines or dust are probably related to the differences in the sizes of the emitting regions, which, in turn, probably result from differences in the methods used to determine the sizes, the conditions for exciting different lines, and the chemical variations in the cores.
The molecular abundances in the core centers vary from source to source by a factor of a few (see Table 5 ), being the highest in 34.403+0.233 and the lowest in 99.982+4.17. This may partly be related to the fact that, in the latter case, we used an overestimated N(H 2 )
value to calculate the abundances. The core in 99.982+4.17 is associated with the least luminousIRAS object in our sample, is the most compact core in our sample, and has the lowest virial mass.
An increased level of non-thermal motion near the core centers (including 37.427+1.518, not shown in Fig. 6 ) shows the impact of the inner sources on the surrounding gas at distances demonstrate inward motions (collapse), the gas in two other objects is expanding, and one core (37.427+1.518) showed no clear evidence for systematic radial motions. Further studies of the sample objects should be aimed at detailed comparative analysis of their densities and kinematics, which requires computations of molecular excitation using inhomogeneous source models, taking into account possible gradients of temperature, density, and turbulent velocity dispersion, as well as systematic velocity fields. The results of these studies will be presented in subsequent publications.
CONCLUSIONS
We have used the 20-m radio telescope of the Onsala Space Observatory (Sweden)
to obtain spectral observations of five regions of massive star formation at frequencies Fig. 2 . Two methanol masers [47, 56] , a water-vapor maser [57] , a 6 cm VLA radio source [58] , an IRAS source, and an IR MSX source are located near the center of the core. [47, 59] , and those of water-vapor masers from [57, 60] . Near-IR and mid-IR sources from [61] [62] [63] and the submillimeter source from [64] are shown. 
